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Abstract
Ce3+, Tb3+ and Ce3+ plus Tb3+ doped BaZn2(PO4)2 phosphors were prepared by a solid-state reaction under reductive atmosphere. 
X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) techniques confirmed the formation of BaZn2(PO4)2
crystal phase. BaZn2(PO4)2:Ce3+ showed the parity and spin allowed 5d–4f band emission of Ce3+ ions and BaZn2(PO4)2:Tb3+
phosphors exhibited the strong typical green emission of 5D4ĺ7F5 at 543 nm. The presence of Ce3+ ions in BaZn2(PO4)2:Tb3+
phosphor resulted the enhancement of Tb3+ emission intensity. The Ce3+ and Tb3+ codoped BaZn2(PO4)2 phosphor showed the 
emission of Ce3+ ions and the characteristic emissions of Tb3+ transitions, namely, 5D3,4-7FJ (J=6,5,4,3) are due to the efficient 
energy transfer from Ce3+ to Tb3+ in the host.  
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1.  Introduction
Among the family of luminescent materials, phosphates 
have their significant advantages, such as low-cost, 
environmentally friendly, thermally stable and good 
electrochemical performance [1]. Also the phosphates have 
their host absorption edge at rather short wavelengths which 
make them suitable as the host for active rare earth (RE) ions. 
So, RE doped phosphates have been paid intense attention for 
a wide range of applications such as laser materials, 
electrochemical and electrical conductivity materials, optical 
amplifiers, optical data storage and luminescent materials [2-
3].
It is well known that the 5d ions such as Ce3+ can be used 
as a sensitizer, such as energy transfer from Ce3+ to Tb3+ in 
luminescent materials [4]. The main interest has been in the 
development of new and high efficient green emitting 
phosphors used as green in low pressure mercury vapor lamps. 
According to the theory of energy transfer, the efficiency of 
energy transfer depends mainly on the extent of overlap 
between the Ce3+ emission and the Tb3+ excitation spectra [4].
In this work, the Ce3+, Tb3+ and Ce3+ plus Tb3+ doped 
BaZn2(PO4)2 were prepared by a solid-state reaction under 
reductive atmosphere. Photoluminescence excitation and 
emission spectra were investigated for different samples. It
was found that there is an efficient energy transfer from Ce3+
to Tb3+ ions. 
2.  Experimental 
The Ce3+, Tb3+ and Ce3+ plus Tb3+ doped BaZn2(PO4)2
were prepared by a high temperature solid-state reaction 
method. Stoichiometric amounts of reagent grade BaCO3,
Zn2O3, (NH4)2HPO4 were thoroughly mixed and ground. The 
mixtures were heated at 550qC for 5 hours and again 
thoroughly mixed by grinding together and then heated 
second time up to 950 qC for 10 hours. 
The VUV excitation and emission spectra were measured 
at VUV spectroscopy station in Beijing Synchrotron 
Radiation Facility of Institute of High Energy Physics. All the 
VUV spectra were measured at room temperature. A 1 m 
Seya-Namioka monochromator and an Acton Spectra-308 
monochromator were used for the measurement of excitation 
and emission spectra and the pressure of the sample chamber 
was lower than 1×10í3 Pa.  
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emission 5D4ĺ7FJ (J = 3, 4, 5, 6) transitions of Tb3+. Due to 
the cross-relaxation between 5D3ĺ5D4 and 7F0ĺ7F6 at this 
high doping concentration (15 mol% in Fig. 3 a) of Tb3+, the 
blue emission from the higher 5D3 level has been quenched [4].
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Fig. 3. Excitation and emission spectra of (a) Ba0.995Tb0.005Zn2(PO4)2 and (b) 
Ba0.85Tb0.15Zn2(PO4)2. (Ȝexc = 233 nm; Ȝem = 543 nm) 
It is well known that the saturation of the Tb3+-activated 
sample depends strongly on the activator concentration. The 
emission spectrum for low Tb3+ concentration (x=0.005) 
under 233 nm excitation consists mainly the 5D3ĺ7FJ (J=6, 5, 
4, 3) transitions of Tb3+ ions ( Fig. 3 b). With the increasing 
Tb3+ concentration, the intensity of the 5D3ĺ7FJ emission is 
decreased, while the intensity of the 5D4ĺ7FJ emission is 
increased and the emission spectrum for high concentration 
(x=0.15) is mainly composed of the 5D4ĺ7FJ (J=6, 5, 4, 3) 
transitions. This observation shows that the cross relaxation 
clearly takes place in the transitions (5D3, 7F6) o (5D4, 7F0)
and/or (5D3, 7F6) o ( 5D4 ,7F0) owing to the increasing Tb3+
concentration [4]. Similar phenomenon has been observed in 
some Tb3+-activated phosphor, such as Y2íxTbxSi2O7 [11], due 
to the cross-relaxation between the Tb3+ ions. 
3.4 Excitation and emission spectra in Tb3+, Ce3+ co-
doped BaZn2(PO4)2
BaZn2(PO4)2 crystallizes in a monoclinic system with 
the space group of P21/c. It has five crystallographically 
independent cation sites in a unit cell, i.e., one seven-
coordinated Ba2+ site, two four-coordinated Zn2+ sites, and 
two four-coordinated P5+ sites. Zinc and phosphorus 
tetrahedra build up a three-dimensional network isotypic to 
the hurlbutite-type CaBe2(PO4)2. The barium atoms form 
isolated BaO7 polyhedra located between large octagonal 
holes [12, 13].
Based on the effective ionic radii of cations with 
different coordination numbers, the Tb3+ and Ce3+ (1.04 and 
1.14 Å in seven-coordination, respectively) are close to that 
of Ba2+ (1.38 Å in seven-coordination) [14, 15]. It can be 
proposed Tb3+ and Ce3+ are expected to occupy the Ba2+
sites. In this case, substitution of Tb3+ and Ce3+ ions could 
bring the positive charges in the lattices [ ]BaTb
x or
[ ]BaCe
x . The mismatch of charge on the cation sites could 
be balanced by the negative charges, for example, vacancy 
of cantion: [ ]''BaV  and [ ]''ZnV , or interstitial oxygen 
']'[ iO . In this doping level, the host structure could tolerate 
such a disturbance. However, this charge compensation
mechanism will need further experiments to get more 
information about the different defects.  
BaZn2(PO4)2 co-doped with Ce3+ and Tb3+ can show 
strong green luminescence under UV excitation. Fig. 4 shows 
the excitation and emission spectra of 
Ba0.9Ce0.05Tb0.05Zn2(PO4)2. The excitation spectra monitored 
by the 543 nm emission (5D4o7F5) of Tb3+ and 385 nm 
emission (5d–4f) of Ce3+ are nearly identical to that of 
Ba0.95Ce0.05Zn2(PO4)2 (Fig. 2 a) except for intensity. This 
suggests that this excitation is from 4f–5d transition of Ce3+
exclusively. Excitation at 262 nm yields not only the 5d–4f
emission of Ce3+, but also the 5D3,4o7FJ (J=6, 5, 4, 3) 
emission of Tb3+. Both the excitation and emission spectra 
indicate that an energy transfer from Ce3+ to Tb3+ occurs in 
BaZn2(PO4)2.
The 5d–4f transition of Ce3+ is electric-dipole allowed and 
is several orders of magnitude stronger than 4f 
intraconfigurational transitions. Therefore, Ce3+ can strongly 
absorb UV radiation and efficiently transfer its energy to Tb3+.
Hence, the Ce3+ ions act as sensitizer, i.e. energy donors and 
the Tb3+ ions as activators, i.e. energy acceptors. However, the 
overlap between the emission spectra of Ce3+ and the 
absorption of Tb3+ is very less in the Ba1íxíyCeyTbxZn2(PO4)2.
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Fig. 4. Excitation and emission spectra  of 
Ba0.9Ce0.05Tb0.05Zn2(PO4)2 (Ȝem = 542 nm and  Ȝexc = 262 nm). 
In the emission intensities of Ba0.95-xCe0.05TbxZn2(PO4)2
with different Tb3+ concentrations depicted in Fig. 5, it reveals 
that the Ce3+ emission dominates at low Tb3+ concentration, 
whereas both Ce3+ (390 nm) and Tb3+ (542 nm) emissions 
have comparable intensity at high Tb3+ concentration (x=0.01). 
At high Tb3+ concentrations, the emission spectra (x=0.05)
exhibit very weak Ce3+ emission and very strong Tb3+
emission pertaining to 5D4o7FJ transitions. This suggests that 
the energy transfer efficiency from Ce3+ to Tb3+ depends 
strongly on their doping concentrations, i.e. number of next-
nearest occupants in BaZn2(PO4)2:Ce3+, Tb3+.
The energy transfer efficiency from a donor (Ce3+) to an 
acceptor (Tb3+) can be calculated according to the formula 
Ș=1íId/I0, where Id and I0 are the corresponding integral 
emission intensity of the donor (Ce3+) in the presence and 
absence of the acceptor (Tb3+) for the same donor (Ce3+)
concentration, respectively [16]. It is clear from Fig. 5 the 
energy transfer efficiencies in Ba0.95-xCe0.05TbxZn2(PO4)2
(x = 0.05) from Ce3+ to Tb3+ increase gradually with Tb3+
concentration. This is because the energy transfer probability 
from Ce3+ to Tb3+ is proportional to Rí6 (R is the average 
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distance between Ce3+ and Tb3+) [17]. The strongest emission 
was observed for Ba0.95-xCe0.05TbxZn2(PO4)2 with an energy 
transfer efficiency of 78.0 % from Ce3+ to Tb3+.
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Fig. 5. Luminescence intensity of the Ce3+, Tb3+ in Ba0.95-xCe0.05TbxZn2(PO4)2
with different Tb3+ concentrations. 
By taking into account of thr energy transfer in this host 
takes place via electric multipole interaction, the energy 
transfer process through multipolar interaction depends on 
the extent of overlap of the emission spectrum of the 
sensitizer with the absorption spectrum of the acceptor, the 
relative orientation of interacting dipoles and the distance 
between the sensitizer and the acceptor [18]. The energy 
transfer probability PSA (in s-1) from a sensitizer to an 
acceptor can be given by : 
12
6 4
3.024 10 ( ) ( )( ) d s ASA
S
f f E F EP dd dE
R EW
u ³     (1) 
where df  is the the oscillator strength of the acceptor, SW
is the radiative decay time of the sensitizer (in s), ( )Sf E
is the normalized emission line shape function of the 
sensitizer and ( )Af E is the normalized absorption line 
shape function of the acceptor. The critical distance cR  of 
energy transfer from the sensitizer to the acceptor is defined 
as the distance for which the probability of transfer equals 
the probability of radiative emission of the sensitizer. cR
can be represent by :  
   
³u dEE
EFEffR Asde 4
126 10024.3           (2) 
The df  electric dipole oscillator strength of the Tb3+ ion is 
usually referred to be of order 10-6 [19]. In this case, the 
critical distance was estimated to be 6.7 Å. 
4.  Conclusions 
Rare earth ions Ce3+, Tb3+ singly- and co-doped 
BaZn2(PO4)2, were prepared by a solid-state reaction. 
BaZn2(PO4)2:Ce3+ showed the parity and spin allowed 5d–4f
band emission of Ce3+ ions in the blue wavelength region. 
BaZn2(PO4)2:Tb3+ phosphors exhibited  the characteristic 
blue emission 5D3o7FJ (J = 3, 4, 5, 6) or green emission 
5D4o7FJ (J = 3, 4, 5, 6) of Tb3+ depending on the doping 
concentrations. Ce3+, Tb3+-codoped BaZn2(PO4)2 phosphor 
showed the emission of Ce3+ ions and characteristic emission 
of Tb3+, namely, 5D3,4o7FJ (J=6,5,4,3) due to an efficient 
energy transfer from Ce3+ to Tb3+ in the host. The energy 
transfer phenomenon of Ce3+ĺ Tb3+ is investigated in 
BaZn2(PO4)2. The enhanced emission intensity of Tb3+ due to 
energy transfer from Ce3+ yields as efficient. 
Acknowledgements 
This work was financially supported by Jiangsu Provincial 
Natural Science Foundation of China (BK-2007053) 
and supported by Korea Research Foundation of Korea (KRF-
2007-412-J00902). 
References 
[1] J.J. Lammers, H.C.G. Verhaar, G. Blasse, Chem. Phys. 
16 (1986) 63. 
[2] T. Nakamura, T. Takeyama, N. Takahashi, R. 
Jagannathan, A. Karthikeyani, G.M. Smith, P.C. Riedi, 
J. Lumin. 102–103 (2003) 369. 
[3] P. Vergeer, T.J.H. Vlugt, M.H.F. Kox, M.I. den Hertog, 
J.P.J.M. van der Eerden, A. Meijerink, Phys. Rev. B 71 
(2005) 014119. 
[4] G. Blasse and B.C. Grabmaier, Luminescent Materials, 
Springer-Verlag, Berlin (1994). 
[5] R. A. Nyquist, and R. O. Kage1: Infrared Spectra of 
Inorganic Compounds (3800-45 cm-1). (Academic 
Press, New York, 1997), pp. 232. 
[6] B-I. Lazoryak, T.V. Strunenkov, E.A. Vovk, V.V. 
Mikhailin, LN. Shpinkov, A.Yu. Romanenko, V. N. 
Schekoldin, Mater. Res. Bull. 31 (1996) 665-671. 
[7] S. Saito, K. Wada, and R. Onaka: Vacuum ultraviolet 
reflection spectra of KDP and ADP. J. Phys. Soc. Japan. 
37, 711 (1974). 
[8] T. Szczurek and M. Schlesinger In: B. Jezowska-
Trzebiatowska, J. Legendziewicz and W. Strek, Editors, 
Rare Earths Spectroscopy, World Scientific, Singapore 
(1985). 
[9] P. Dorenbos, J. Lumin. 91, 155 (2000). 
[10] L.J. Nugent, R.D. Baybarz, J.L. Burnett and J.L. Ryan, 
J. Phys. Chem. 77 (1973), p. 1528 
[11] D. Meiss, W. Wischert and S. Kemmler-Sack. Phys. 
Stat. Sol. A 134 (1992), pp. 539–546. 
[12] A. Hemon and G. Courbion, J. Solid State Chem. 85,
(1990), p.164. 
[13] Woan-Jen Yang and Teng-Ming Chen, Applied Physics 
Letters 88, (2006), p.101903. 
[14] Abanti Nag and T.R.N. Kutty, Materials Chemistry and 
Physics, 91, (2005), p. 524. 
[15] Shashank Mishra, Coordination Chemistry Reviews,
252, (2008), p.1996-2025. 
[16] J.C. Bourcet and F.K. Fong, J. Chem. Phys. 60 (1974), 
p. 34. 
[17] A.S. Marfunin, Spectroscopy, Luminescence and 
Radiation Centers in Minerals, Springer-Verlag, Berlin 
(1979). 
[18] D.L. Dexter, J. Chem. Phys. 21 (1953), p. 836. 
[19] P.Y. Jia, M. Yu and J. Lin, Journal of Solid State 
Chemistry, 178, (2005), p. 2734-2740. 
210 Y. Huang et al. / Physics Procedia 2 (2009) 207–210
